Abstract. Zinc oxide nanoparticles (ZnO NPs)
Introduction
ZnO has been studied since 1935 [1] , yet the application of this material is far-reaching and ever expanding. The various semiconductor applications of ZnO can be attributed to its large exciton binding energy, 60 meV [2] at room temperature, and direct, wide band gap [3] . The varied applications are photocatalytic degradation [4] , photodetection [5] , solar cell application [6] and sensing [7] . Due to the wide range of applications, numerous methods are available for the synthesis of ZnO nanomaterials. As solution method offers a simple and environment-friendly route, more emphasis is laid on this strategy. A few examples of solution method are hydrothermal [8] , sol-gel [9] , microwave-assisted synthesis [10] and solution combustion synthesis [7] . Recently the use of 'green' fuels and technology has been gaining prominence. Singh et al [11] have used madder plant for the preparation of ZnO at room temperature. Ramimoghadam et al [8, 12] have used rice and palm olein as a biotemplate for the growth of ZnO nanoparticles (ZnO NPs). Zhang et al [13] and Taubert and Wegner [14] have prepared ZnO nanostructures from soluble starch. Gel combustion synthesis of nanoparticles has also been attempted by different researchers [15, 16] . It is the rapid ignition of a homogeneous solution of oxidizer, usually metal nitrates, and organic fuel to produce metal oxide nanomaterials. Taking a lead from the abovementioned methods, gel combustion technique using cassava * Author for correspondence (br.geetha@jainuniversity.ac.in) starch as a fuel has been attempted by our group. The advantages of this method are the following: it is rapid, simple, cost-effective and fine crystals of the product are formed within 10 min that require no further treatment [17] . The basic pre-requisite condition in both solution and gel combustion processes is that the precursors should form a homogeneous solution. In this process that we have adopted, the processed starch was insoluble in water even at elevated temperature and this, to the best of our knowledge, has not been attempted so far. This, indeed, is an additional advantage along with the others like ease of availability, low cost and simple preparation procedure of the cassava starch. In any combustion process involving starch, the carbohydrate content decides the efficiency of the reaction. Cassava (Manihot esculenta, Euphorbiaceae family), like potato, is a root tuber where starch [18] is stored in the roots. It is the major staple diet in Africa [19] , consumed by 500 million people around the world [20] and is the sixth major crop of the world [21] . Cassava was preferred to the other starch-rich crops (corn and potato) because of its improved starch content [22] .
Energy is the bone of contention all over the world today as the fossil fuels are fast depleting. Scientists are on the lookout for environmentally benign sources to dissipate the mounting pollution hazards. Keeping in view the non-hazardous nature, abundance in water and bio-mass and high energy yield (122 kJ g −1 ), hydrogen has become the fuel for the future [23] . Hydrogen has been mostly produced by thermochemical splitting of water by a photocatalyst as reported by many researchers [24, 25] . Thermochemical water splitting by ZnO involves ZnO/Zn redox mechanism where the conversion of ZnO to Zn is an energy-demanding process. Photocatalytic hydrogen generation based on semiconductors, on the other hand, is a viable and an easy option to produce this clean energy. Since the discovery of water splitting by Fujishima and Honda [26] , metal oxide semiconductors (in hydrogen generation) have come a long way. Though much research has been devoted to TiO 2 [27, 28] , doped TiO 2 [29] and TiO 2 nanocomposites [30] , very few reports are available for ZnO [31] to produce hydrogen photocatalytically. Wang and Yao [32] have used ZnO rodCdS/reduced graphene oxide and Peng et al [33] have used Pt-loaded ZnO. To the best of the authors' knowledge, this is the first report on the visible light-assisted photocatalytic hydrogen generation from bare ZnO. This ZnO has been synthesized by simple gel combustion using a novel bio-fuel.
Experimental

Preparation of cassava starch
Cassava starch was prepared according to our earlier report [4] . In brief, the cassava pearls procured from the local market were hand-picked to remove bulk impurities, washed with tap water and rinsed with distilled water to remove dust contamination. Purified cassava pearls (500 g) were taken in a beaker, known volume of water was added and it was heated on a hot plate at 150
• C for almost 1 h till the pearls became glassy and transparent. This viscous gel was transferred to a clean plastic sheet, covered with a thin cloth (to prevent dust contamination) and dried in sunlight (where retrogradation and syneresis occur) for a week till it became brittle. It was then powdered and stored in air-tight containers to prevent dust contamination and was termed cassava starch.
Preparation of ZnO NPs
Zinc nitrate hexahydrate (Merck, India) and cassava starch in 1:0.5 ratio were taken; 1:1 and 1:0.25 ratios were tried and 1:0.5 was found to give the best result, based on our earlier work [4] and has been used in this present work. They were mixed well with 30 ml water (not a homogeneous solution but a suspension) and heated on a hot plate at 200
• C till it formed a viscous gel. The gel was introduced into a muffle furnace at around 475
• C, where the combustion reaction occurred within 5 min with the evolution of gases like NO 2 , CO 2 and water vapour. The self-propagating heat wave resulting in a smouldering type of reaction occurred with a flaky, voluminous product formation. The product was calcined at 500
• C for 5 h to remove the impurities.
Characterization
The structure of the synthesized ZnO NPs was determined using a Philips X'pert PRO X-ray diffractometer with graphite monochromatized Cu-Kα (1541 Å) radiation. The
Fourier transform infrared spectrum of the sample was recorded using a Bruker Alpha-P spectrometer. The absorption spectra of the samples were measured using a Shimadzu UV 1650 PC UV-visible spectrometer. Raman spectra were recorded at several different spots in backscattering geometry using 514.5 nm Ar + laser in a HORIBA LabRam HR800 spectrometer. Photoluminescence (PL) measurement was done using a Shimadzu spectrofluorimeter (model RF 5301 PC) at 325 nm excitation. The morphology of the product was analysed using a Carl Zeiss Ultra 55 scanning electron mirosope (SEM) and Technai G2 F30 transmission electron mirosope (TEM). X-ray photoelectron spectroscopy (XPS), recorded with a Mg-Kα (1253.6 eV) X-ray source, was used to determine the composition of the sample. The C 1s peak at 284.6 eV was used for the binding energy calibrations.
Photocatalytic hydrogen generation
Photocatalytic H 2 production reactions were carried out in a closed gas-circulating system as depicted in figure 1. The photocatalyst (8 mg) was sonicated in 7.5 ml water (20 min) for uniform dispersion. After sonication, 2.5 ml (25 vol%) ethanol was added as a sacrificial reagent. A 240 W Hg-Xe arc lamp (Cermax) was used as the UV excitation source, a 300 W Xe arc lamp, with the incident photon flux I 0 of 0.056176 or 0.078245 μmol cm −2 s −1 , was focused through a shutter window and a 420 or 390 nm cut-off filter onto the window face of the cell was used as the visible light source. Prior to the reaction, the mixture was deaerated by purging Ar gas repeatedly to minimize the oxygen content. The liberated H 2 was periodically analysed using an Agilent 6820 GC chromatograph equipped with a thermal conductivity detector and a 5 Å molecular sieve-packed column with argon as the carrier gas. Using a gas-tight syringe (50 ml) the amount of H 2 produced was measured at 0.5 h time interval. The amount of gas liberated is plotted as a function of light exposure time. During the entire experiment, the reaction temperature was maintained at 25
• C by eliminating the IR radiation with the circulation of water in the water jacket of the reactor.
Results and discussion
Interaction of the fuel and precursor
In this method, cassava starch has three types of roles to play; a fuel to propagate the combustion, a bio-template and nuclei seeding the nanoparticle growth and a surfactant that decreases the surface tension, allowing the particles to escape the aggregation process and thereby, limiting the particle size [34] . All the three roles take effect when cassava starch is heated beyond its gelatinization temperature, 65
• C [35] . After this point the hydrogen bonds in the carbohydrates break and the liberated hydroxyl groups associated with the water molecules cause the starch to swell and prompt the nanoparticle growth. After nanoparticles begin to grow the starch begins to behave like a surfactant and prevents agglomeration and reduces the particle size. Later on as the temperature increases, the starch functions as a fuel supporting the combustion process.
Diffraction studies
X-ray diffraction peaks revealed the ZnO NPs with hexagonal wurtzite symmetry corresponding to zinc oxide (JCPDS No. 76-704) as depicted in figure 2. The absence of additional peaks indicates phase purity and sharp peaks indicate crystallinity. The lattice parameters are a = b = 3.253 Å and c = 5.213 Å and the space group is P63mc. The particle size as calculated by Scherer's formula (equation (1)) was found to be 33nm:
where D is the crystallite size, K is Scherrer's constant (0.9 for spherical particles), λ is the wavelength of the X-rays used, β is line broadening at half maximum intensity or the full-width at half-maximum (FWHM) and θ is Bragg's angle. The c/a for an ideal hexagonal system is 1.633. The c/a for ZnO NPs (1.603) indicate a distorted hexagonal system arising out of the high temperature employed for calcination [31] . The particle size as calculated by the Williamson-Hall (W-H) equation [36] was 52 nm. The W-H approach takes into account the stress and strain in the sample and is given as follows:
The calculation of crystallite size in W-H method consists of plotting 4sin θ against β cos θ as in supplementary figure S1, where the intercept (of the y-axis) is the crystallite size and the slope is ε, the strain. A positive slope in the plot is indicative of strain broadening [36] , suggesting a lattice expansion that is well augmented by lattice parameters. The difference arising in the crystal size calculated by Scherrer's equation and W-H plot is an additional indication of appreciable strain in the sample. The reported lattice parameter values for bulk ZnO are a = b = 3.249 Å and c = 5.205 Å.
If the lattice parameter c is greater than that of the bulk, as in the present study, the crystal experiences extensive stress [37] . The extensive stress resulted in increased volume of the unit cell as compared to the bulk. The variation in lattice parameters can be explained based on defect concentration. When ZnO is calcined in oxygen-rich atmosphere (provided by the burning fuel during synthesis), interstitial oxygen is formed, which is confirmed by a small peak at 1117 cm −1 in FTIR [38] . This interstitial oxygen binds to the lattice oxygen forming substitutional oxygen molecule [39] . This results in a slight outward movement of the Zn atoms that are close by with a consequential increase in lattice parameter and volume [40] .
Vibrational spectral studies
3.3a Fourier transform infra-red spectral (FTIR) studies:
The FTIR spectrum of ZnO NPs from 4000 to 250 cm −1 is depicted in figure 3a. The broad band over 3400-3600 cm −1 is due to OH stretching/Zn-OH-Zn bond. The peaks in the range of 2000-2200 cm −1 are due to CO adsorbed on the surface. The peaks occurring in 1400-1750 cm −1 region indicate -OH bending of the adsorbed moisture on the sample [41] . The FTIR spectrum of ZnO NPs from 1200 to 250 cm −1 is shown in figure 3b . The peak at around 1100 cm −1 indicates interstitial oxygen [38] . The occurrence of interstitial oxygen and its influence on the lattice has been discussed at length elsewhere in the article. Peaks in the range 900-1200 cm spectrum is shown in figure 4 . The sharp and intense peak at 440 cm −1 indicates non-polar E2(H) phonon vibration mode of oxygen sub-lattice and the peak at 333 cm −1 is attributed to E2(H)-E2(L) multiphonon vibration. The first and second order modes of A 1 are located at 519 and 1156 cm −1 , respectively [42] . The Raman spectrum indicates the absence of carbon in the sample, though peaks corresponding to CO were present in the FTIR spectrum, indicating that the peaks could be due to the interference from the surroundings.
Optical spectral studies
The UV-visible spectrum of ZnO NPs is shown in figure 5 . The peak at 373 nm can be assigned to intrinsic band gap absorption of ZnO due to electronic transition from the valence band to conduction band (O 2p → Zn 3d ) [43] . The sharp peak denotes that the particles are in nanodimension and the size distribution is narrow [44] . A note-worthy aspect of the spectrum is a long absorption tail stretching into the visible region indicating a significant absorption range near the inter-band transition region due to oxygen excess defects [45] , making it sunlight active. This is called the band tailing effect. A detailed explanation of this effect is discussed elsewhere in the article. The optical band gap measurements made from the absorption maximum usually give misleading and erroneous results. The band gap value calculated based on the Kubelka-Munk plot in figure 6 was found to be 2.5 eV. Since the ZnO NPs' size is very much greater than the Bohr exciton radius, the apparent blue-shift and the reduced particle size (45 nm) can be credited to the fuel rather than quantum confinement [46] . The band gap reduction in semiconductors can happen by way of doping [47] [48] [49] or fast crystallization process like microwave irradiation [50] . However, in the present study the band gap reduction happened in an undoped semiconductor prepared by combustion reaction. The possible reasons behind band gap reduction are (1) lattice parameter variation and (2) valence band modification due to oxygen excess defects [40] . Lattice parameter is an important factor affecting the band gap and decreases in band gap values are observed with increase in lattice parameters for III-V semiconductors [51] . Hence, in this present work, the interstitial oxygen excess defects interact with lattice oxygen atoms, resulting in increased lattice parameters and reduced band gap [39, 52] . To investigate the change in band gap values due to the presence of defects, Urbach energy or band tail energy is also considered. The Urbach tail, defined as the width of the localized states, created by defects in the optical band gap affects the band gaps, structure and optical transitions [53] . The amount of tailing is determined by the following equation [54] :
where α is absorption coefficient, α 0 is a constant, E is photon energy and E U is the Urbach energy or width of the exponential absorption edge. Figure 7 shows the variation of photon energy vs. ln(α). E U is calculated from the reciprocal of slope and is found to be 1.24 eV. The band gap is inversely related to E U . Hence, higher the E U value, more the band tailing between valence and conduction band; consequently, lesser the band gap. In other words, the excited electron prefers to transit from valence band to band tailing resulting in the reduction of band gap of ZnO NPs [55] . 
PL spectral studies
The PL spectra of ZnO NPs are depicted in figure 8 . The physical properties of metal oxide nanostructures are closely linked to the density of their defects and PL spectrum elucidates this structure-property relationship [56] . The PL spectrum of ZnO mainly consists of two bands: near-band-edge emission (NBE) and defect-related deep (DLE) and shallow (SLE) level emissions in the visible region [57] . The native (intrinsic) defects that occur in ZnO are oxygen vacancies (V • O , singly ionized and V
••
O , doubly ionized), zinc vacancies (V Zn ) and oxygen interstitials (O i ) [58] . The origin of these defects is ambiguous and different theories have been proposed to explain them [59] . To evaluate the concentration of structural defects, UV emission at NBE is compared to DLE and SLE. The relatively lesser DLE (green emission) as seen in figure 8a accounts for lesser structural defects in the ZnO lattice. The near-absence of green emission and a small FWHM (60 meV) of the NBE indicate that the concentration of defects (that are responsible for DLE) is negligible [60] . The band at around 390 nm indicates the recombination of electrons and holes at the conduction band (CB) edge. The 510 nm emission (due to V
• O capturing an electron) and 660 nm emission (due to interstitial Zn ion) are conspicuously absent, as seen in figure 8a [61] , implying the nonexistence of these two defects. The 510 nm green luminescence is responsible for degradation of optical properties in ZnO and by its characteristic absence it is understood that ZnO NPs can be favourably considered for optical applications [62] . The peaks at 498 and 485 nm in ZnO NPs, as observed in figure 8b, may be due to green DLE from CB to antisite oxygen occurring near valance band (VB) [63] . Nevertheless, the area under these peaks is very less compared with the entire PL spectrum, indicating the existence of only a small fraction of these defects in ZnO NPs. Oxygen vacancies are intrinsic defects in the ZnO lattice having two energy levels in the forbidden gap. They are the 510 and 469 nm emission due to V does not capture electrons; in other words, it is not a recombination centre; hence it will not affect the photocatalytic activity [62] . The peaks at 451 and 423 nm are due to SLE from V Zn occurring near CB to VB [63] . The point defects of ZnO lattice were analysed using first principles pseudopotential method by Kohan et al [64] . It has been recorded by them that under oxygen-rich conditions the energy difference between CB and V Zn equals 2.6 eV, which is almost close to that of the KM plot in figure 6 . The oxygen-rich atmosphere, in the present study, is provided by the fuel during the combustion process. This is an additional proof of the existence of oxygen excess defect apart from those indicated by diffraction and vibration spectral studies. Kohan et al [64] had predicted, based on their calculation, that the emission due to V Zn must occur at around 476 nm. But V Zn emission of ZnO NPs was found to be at 405 nm. This was recorded by other researchers too [63, 65] . The reason behind this blueshift is that V Zn reacts with oxygen to form oxygen antisites O Zn under oxidative conditions as given in equation (4) [62]:
This further confirms the oxidative environment in the synthesis procedure. The band at 390 nm (NBE) is mainly linked to recombination of photoexcited electrons and holes than to native point defects in ZnO lattice. The reduced intensity of this peak in ZnO NPs as observed from figure 8a suggests lesser recombination probability and improved separation of charge carriers [66] . Moreover, the excess oxygen present can also act as electron scavengers, leading to reduced luminescence [67] . The peak at around 760 nm is due to the second order peak of ZnO corresponding to NBE [68] . Thus, based on PL spectrum of ZnO NPs, it can be concluded that there are lesser native defects that make it a potential photocatalyst. Etacheri et al [69] have documented that the reduced NBE and excitonic emissions in Mg-doped ZnO account for enhanced photocatalytic activity in the degradation of dyes. This phenomenal behaviour is uncommon in bare/undoped metal oxides though frequently reported in doped oxides. The degradation of dyes and hydrogen generation are two different processes but both work on the same mechanism. This behavoiur of undoped ZnO, to the best of the authors' knowledge, is the first one to be reported and has been well exploited in photocatalytic hydrogen generation. Interestingly, highly crystalline and less defective semiconductors are best suited for hydrogen generation [70] , making ZnO NPs a promising photocatalyst.
Quantum yield
The fluorescence quantum yield (QY) is an important parameter to determine the efficiency of emission process, which is defined as the ratio of number of emitted photons to the number of absorbed photons per unit time. The unknown relative QY is compared to that of a reference (here, qunine sulphate) and is given by the equation
Q is the QY (x is the sample and R is the reference) and η is the refractive index of the solvent (ethanol) [71] . The slope is calculated by plotting absorbance against integrated fluorescence intensity (the area of fluorescence spectrum). Absorbance vs. fluorescence intensity of quinine sulphate and ZnO NPs is depicted in figure 9a and b, respectively. The QY calculated according to equation (4) is 0.122.
Morphology studies
The scanning and transmission electron micrographs of ZnO NPs are shown in figure 10 . The images reveal cluster of chains and loops of nanopaprticles. The particle size calculated based on the TEM was found to be 45 nm and TEM image complements the morphology as revealed by the SEM. It has been demonstrated that particles in the size range of 50-70 nm exhibit better photocatalytic activity [72] . TEM images also support the findings obtained using the SEM, where the particles are slightly aggregated to form loops and chains, which help in the transfer of photogenerated electrons and holes to the surface and preventing their recombination in the bulk [73] , thereby enhancing photocatalytic activity.
X-ray photoelectron spectroscopic (XPS) studies
The XPS spectrum was recorded to study the chemical bond and oxidation state of the elements present. It revealed the presence of Zn and O. The wide spectrum of ZnO and highresolution individual spectra of O 1s and Zn 2p are depicted in figure 11a , b and c, respectively. The two strong peaks with binding energies 1022 and 1045 eV are due to Zn 2p 3/2 (corresponding to the attachment of hydroxyl groups to zinc ions on the surface) and Zn 2p 1/2 (corresponding to Zn atoms Figure 9 . Plot of absorbance against intergrated flouresence intensity of (a) quinine sulphate and (b) ZnO NPs.
bonding to oxygen atoms and not Zn-C-O alloys) [71] . In the O 1s spectrum, the strong peak at 532 eV is attributed to oxygen ions (O 2− ) [42] . It is remarkable to note that the sample is very pure and does not contain any carbon residues.
Photocatalytic hydrogen generation
Hydrogen generation by ZnO NPs in UV light and visible light is presented in figure 12 . It can be observed that ZnO NPs show 41 and 140 μmol g −1 (average of two trials) of hydrogen generation when exposed to UV illumination and visible light illumination, respectively. Janet et al [31] have reported evolution of 35 μmol h −1 (0.1 g) −1 hydrogen by ZnO nanostructures prepared by wet etching method. The particle morphology and size, reduced band gap and emission intensities of ZnO NPs played a major role in exhibiting this property. The mechanism behind this reaction can be explained as follows [74] : the photoexcited electron formed by the exposure of the semiconductor to light of suitable energy is transferred from the CB to the adsorbed water molecule, which is reduced to hydrogen atom as follows:
Two such hydrogen atoms combine to form molecular hydrogen. The photocatalytic efficiency of ZnO is greatly reduced by the photocorrosion process where under irradiated condition the photogenerated holes oxidize the photocatalyst itself, leading to its dissolution [31] . This can be avoided by the use of a sacrificial agent that combines with the generated holes, protects the photocatalyst and reduces recombination. Sacrificial agents are reported to enhance photocatalytic activity hundred times [75] . A hole in the VB caused by the movement of electron to CB is compensated by an electron from the sacrificial donor (D), in the present study, ethanol, as given by equation (7) . A schematic representation of these reactions is depicted in figure 13 .
The thermodynamic feasibility of this reaction is controlled by more negative potential of electrons in the conduction band compared to the potential of the hydrogen electrode and more positive potential of the holes in the valence band compared to the oxidation potential of the donor. The photogenerated hydrogen and oxygen can recombine to form water again on the surface of the photocatalyst and this is called 'surface back reaction' (SBR). SBR has a negative influence on hydrogen production as it reduces the amount of hydrogen generated from the photocatalyst. SBR can be minimized in two ways: in the first approach, like the one done in this work, suitable sacrificial agents that are electron donors and acceptors are added to the photocatalytic environment. This becomes the major surface reaction and reduces recombination of oxygen and hydrogen. The second approach is the separation of photoactive sites on the surface of the photocatalyst [70] . This factor depends upon the surface properties and morphology of the photocatalyst, which has been discussed, at length, elsewhere in the article. The rate of photocatalytic hydrogen generation follows zero order kinetics; the amount of hydrogen generated is plotted as a function of time as seen in figure 14 . The plots were fitted to a straight line with the correlation constant (R 2 ) being 0.984 and 0.983 for UV and visible light, respectively.
Conclusion
ZnO NPs were prepared by a simple gel combustion method using bio-fuel, cassava starch. The ZnO NPs were of hexagonal wurtzite symmetry with a band gap of 2.5 eV. The XPS and Raman spectra confirmed the purity of the sample. The particle size was around 45 nm and they were of loop and chain morphology. The PL spectrum showed reduced emission intensity due to oxygen excess defect introduced into the lattice during synthesis and negligible vacancy defects (recombination centres), making ZnO NPs a promising photocatalyst; 41and 140 μmol g −1 of hydrogen were produced, respectively, under UV and visible light illumination.
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